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Abstract— We describe a frequency domain detection scheme
of coherence multiplexed sensor signals by using an optical loop
with a frequency shifter. The optical path differences of the
sensors are adjusted to integer-multiple of the loop length of the
optical loop, and then the the sensor signals are multiplexed in
the frequency domain, appearing at the integer-multiple of the
working frequency of the frequency shifter. In the experiment,
four Michelson-type sensors are successfully multiplexed with
the sensitivities of about 2 mrad/
p
Hz. The sensitivities are also
theoretically calculated which are in good agreement with the
experimental results. The optimum design of the optical loop is
also discussed.
Index Terms—Erbium-doped fiber amplifier, multiplexing, op-
tical fiber sensors, interferometers.
I. INTRODUCTION
MULTIPLEXING fiber-optic sensors is an attractive tech-nology because it will save cost due to reduction in the
number of light sources, photodetectors and fiber transmission
lines. Three different types of the multiplexing scheme have
been investigated, which are the time division multiplexing
[1]–[2], the frequency division multiplexing [3]–[5], and the
coherence multiplexing [6]–[8]. The coherence multiplexed
sensor system is composed of a light source, a set of sensing
interferometers whose optical path differences (OPD’s) are
different each other, and a corresponding set of receiving in-
terferometers. The OPD of each receiving interferometer must
match to that of one of the sensing interferometers. The sensing
and the receiving interferometers are arranged in tandem and
are illuminated by a CW light source whose coherence length
is much shorter than any OPD of the interferometers. The
sensor signal imprinted on the light in one of the sensing
interferometers can be retrieved by only the corresponding
receiving interferometer due to the low coherence nature of
the light source. In this system, interferometers ( sensing
and receiving interferometers) and photodetectors are
required for multiplexing sensors, and consequently the
optical system becomes considerably large.
We have proposed a detection scheme of coherence multi-
plexed sensor signals by using an optical loop with a frequency
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Fig. 1. Configuration of the proposed coherence multiplexed sensorsystem.
shifter [9], [10]. In the system, the OPD’s of sensing interfer-
ometers are adjusted to integer-multiple of the loop length of
the optical loop. The sensor signals are multiplexed in the
frequency domain, appearing at the integer-multiple of the
working frequency of the frequency shifter in the optical loop.
The sensitivities of the sensors and the number of sensors to
be multiplexed are determined by loop loss of the optical loop,
and the loop loss must be reduced to enhance the sensitivities
of the sensors and to increase the number of sensors to be
multiplexed.
In this paper, we demonstrate the experimental results and
the theoretical study of this system. In Section II, we describe
the principle of this sensor system, and the crosstalk between
sensors is also considered. In Section III, the experimental
results are shown. In the experiment, an erbium-doped optical
fiber amplifier was introduced into the optical loop to reduce
the loop loss and to enhance the sensitivities of the sensors.




The configuration of the proposed system is shown in
Fig. 1, in which Michelson-type interferometric sensors are
arranged in parallel. This system consists of a low coherence
light source, sensing interferometers (OPD ,
) and an optical loop with an optical frequency
shifter (FS) working at Hz. The loop length of the optical
loop is denoted by . It is essential that the OPD is chosen
0733–8724/97$10.00  1997 IEEE
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as and the loop length is chosen to be much
longer than the coherence length of the light source.
The principle of this system is as follows. If we consider
the interferometer and the optical loop together, the beam
passing through a long path of and recirculating -times in
the loop can interfere with the beam passing through a short
path of and recirculating -times in the loop. Since
the latter beam is more frequency-shifted by Hz than
the former, the interference signal, that is, the sensor signal
appears around Hz. Similarly the sensor signal of
appears around Hz. Therefore, all sensor signals
of the sensor array are multiplexed in the frequency domain
and can be detected separately by using electric bandpass
filters. In this method, sensing interferometers and only
a set of the optical loop and a photodetector are required
for the -sensor array. The numbers of the interferometers
and the photodetectors are considerably reduced as compared
with the conventional coherence multiplexed system where
interferometers and photodetectors are required.
B. Crosstalk
In our sensor system shown in Fig. 1, if the beam passing
through a long path of interferes with the beam passing
through a short path of and recirculating -times in the loop,
the interference signal appears around Hz in the
frequency domain, which is the same frequency of the sensor
signal of . This interference is undesirable and is called
crosstalk. The crosstalk degrades performance of the sensor
system and must be avoided. In order to avoid the crosstalk,
we insert delay lines with length ( ) in
front of every sensing interferometer. They are long enough
to move any crosstalk toward the higher frequency range than
the intended signal frequency range. The length of the delay
line is determined as follows. The crosstalk appeared at
the lowest frequency is caused by the interference between
the beam passing through a long path of and the beam
passing through a short path of . To avoid the crosstalk,
the OPD between the above two beams must be longer than
, where and are again the number of sensors
to be multiplexed and the loop length, respectively. This is
written as
(1)
where is the length of the short path of , and is
the length of the long path of . The factor of 2 indicates
round-trip propagation. If we suppose that , (1)
can be written as
(2)
Equation (2) is the condition for determining the length of
delay line to avoid the crosstalk. For example, if , the
length of the delay lines , , and are determined as
(3)
Fig. 2. Experimental setup.
III. EXPERIMENTS
The experimental setup is shown in Fig. 2, in which four
Michelson-type sensing interferometers are multiplexed in par-
allel. In our experiments, the light source used was a DFB laser
emitting at 1.53 m (Hitachi HL–1541), whose coherence
length was about 15 m. In this paper, the coherence length
is defined as the OPD of a two-beam interferometer where
insignificant interference occurs. An acousto-optic modulator
(AOM: HOYA AF–150) was used as the frequency shifter,
which was driven at 85 MHz. The insertion loss of the
AOM was 8 dB, and the total loop loss including losses at
connectors and fusion splices was 8.7 dB. The excess loss
and the coupling coefficient of the fiber coupler (FC4) in the
optical loop were 1 dB and 50%, respectively. The detected
signal was analyzed by a spectrum analyzer.
An erbium doped optical fiber amplifier (EDFA) was intro-
duced into the optical loop to reduce the loop loss. As is shown
in the next section, the sensitivity and the number of sensors
to be multiplexed are dominated by the loop loss. In fact,
when the EDFA was not introduced into the optical loop, we
were able to multiplex only two sensors ( and ), and their
sensitivities were about 0.8 mrad/ Hz. The Er3+ concentration
of the EDFA was 500 ppm, and Al was codoped. The EDFA
was pumped by a 0.98 m semiconductor laser. The EDFA
was 16 m long, and the resultant loop length of the optical
loop was m. The OPD’s of , , , and
were adjusted as m, m, m and
m, respectively. The optical power at the input port
of the optical loop was about 10 W. In this condition, the
optical loop lased around 1.55 m when the pump power into
the EDFA was above 1.5 mW, and therefore, the pump power
was adjusted to below 1.5 mW throughout the experiment.
Fig. 3 shows an example of the measured multiplexed
sensor signal spectrum. The pump power to the EDFA was
1.5 mW, and the resolution of the spectrum analyzer was
100 kHz. Four independent peaks are clearly observed in the
spectrum. Their frequencies are 85 MHz, 170 MHz, 255 MHz
and 340 MHz, corresponding to the sensor signals of ,
, , and , respectively. The increases of noise level
around 0 Hz, 85, 170, 255, and 340 MHz are due to the
interferometric conversion of the phase noise of the DFB
laser into the intensity noise, and the spectrum around each
frequency indicates the spectral profile of the DFB laser. If we
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Fig. 3. An example of the measured multiplexed sensor signal spectrum.
use a low-coherence light source such as a superluminescent
diode or a multilongitudinal mode semiconductor laser instead
of the DFB laser, a flat noise floor can be achieved.
Fig. 4 shows the measured detailed signal spectrum of
. The pump power to the EDFA was 1.5 mW. The resolution
of the spectrum analyzer was 1 kHz. In the experiment, ,
, , and were sinusoidally phase-modulated at 5, 5.5,
6, and 6.5 kHz, respectively. Good phase-modulated spectra
are obtained.
Fig. 5 shows the sensitivities of against the pump
power. The sensitivities are found to be enhanced by a factor
of four with increasing the pump power.
IV. DISCUSSION
In this sention, we theoretically analyze the output spectrum
and the sensitivity of our sensor system. The configuration in
Fig. 1 is again used for our analysis. For simplicity, we assume
the following conditions:
1) the intensity fluctuation of the laser light is so small as
to be neglected;
2) the phase fluctuation of the laser light is a Gaussian
propability distribution;
3) the spectral profile of the laser light is Lorentzian;
4) the optical power from the laser is equally divided into
all arms of the sensing interferometers.
The optical field amplitudes from the short and the long
paths of the sensing interferometer at




where is the incident optical power to the sensor system,
is again the number of sensors to be multiplexed. is
the propagation constant, and is again the OPD of .
Supposing the optical field with unit amplitude enters the input
port of the fiber coupler (FC2). The amplitude of the beam
passing directly through the loop, , and the amplitude of the
beam emerging from the loop after recirculating -times in
the loop, , are writen as
(6)
(7)
where and are the excess loss and the coupling coefficient
of the fiber coupler (FC2), respectively, is the
coupling phase shift of the fiber coupler, is the optical
frequency of the emitted light from the light source, is the
delay time of the optical loop, and,
(8)
(9)
and is the loop loss of the optical loop.
A. Signal Power
The sensor signal of is caused by the interference
between the beam recirculating -times in the loop after
passing through a long path of and the beam recirculating
-times in the loop after passing through a short path of




and indicates complex conjugate.
B. Phase-Noise Induced Noise
Since there are a large number of optical path differences
which are longer than the coherence length of the light source
in this system, the source phase-noise induced intensity noise
is dominant in the noise spectrum and the shot noise and the
thermal noise can be negligible. This can be confirmed by
Fig. 4, which indicates that the noise spectrum consists of
superposition of Lorentz distributions around 0, , ,
Hz, and so on. Therefore we first calculate the noise
spectrum around each frequency and then add the resultant
noise spectrum.
Let us first consider the noise spectrum around 0 Hz. This
noise is caused by the two beams recirculating the same times
in the optical loop, and its intensity and the autocorrelation
function of , , are given as
(12)
(13)
where is the spectral linewidth of the light source. In (13),
the term is caused by the phase fluctuation of
the optical beam [8], [11], [12] with the assumptions described
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(a) (b)
(c) (d)
Fig. 4. Measured detailed signal spectrum of S1  S4. (a) Sensor S1, (b) sensor S2, (c) sensor S3, and (d) sensor S4.
Fig. 5. Sensitivities of S1  S4 against the pump power.
above. The number of pairs of two beams contributing to the
noise around 0 Hz is
(14)
In this equation, is the number of the optical paths in the
sensor array. Then the noise spectrum around 0 Hz, ,
is given as
(15)
where indicates the Fourier transform, and is the
Lorentz distribution expressed as
(16)
Next, we concern to the noise intensity at Hz
. This noise is caused by the two beams whose
recirculation numbers in the loop are different by -times.
The intensity of the noise at Hz, , and the
autocorrelation function of , , are given by
(17)
(18)
The number of pairs of two beams appearing at Hz is
(19)
and only a pair of the two beams contributes to the signal and
pairs of the two beams contribute to the noise. Then
the noise spectrum around Hz, , is given as
(20)
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where is the Lorentz distribution expressed as
(21)
Finally, we calculate the noise intensity at Hz
. The number of pairs of two beams appearing
at Hz is
(22)
and all the pairs contribute to noise. The noise intensity and
the autocorrelation function of , , are calculated as
(23)
(24)
Then the noise spectrum around Hz, , is
given as
(25)
Thus, the noise spectrum is obtained as
(26)
Hence, the output spectrum is given by
(27)
where is the bandwidth of the detecting apparatus (for
example, the spectrum analyzer). In (27), the first term is the
signal intensity and the second to fourth terms are the noise
profiles.
When a sinusoidal phase shift is applied to , the sensor




Fig. 6. Calculated sensor signal spectrum for four-sensors (S   1  S4)
multiplexed system. (a) f = 10 MHz and (b) f = 1 GHz.
where is the phase amplitude of the phase shift and is the
frequency of the phase shift. The phase shift can be measured
from the magnitude of the first sideband around Hz,
which is given as . If , , and
the squared sensor signal is
(29)
By using (29), the sensitivity of , , is given as
rad/ Hz (30)
Fig. 6 shows the calculated spectrum for four-sensors (
) multiplexed system for (a) MHz and (b)
GHz. In the calculation, , , ,
kHz were used, which are the same condition
with the experiment of Fig. 3. The calculated result shown
in Fig. 6(a) agrees well with the experimental result shown
in Fig. 3. This result confirms that the noise spectrum in this
sensor system is mainly dominated by the source phase-noise
induced intensity noise. When GHz, the noise level
is found to be almost constant.
Fig. 7 shows the calculated sensitivities for against
for (a) MHz and (b) GHz. When
MHz, the sensitivities for are almost the same value
when ranges from 0.2 to 0.6 because the noise level as well
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(a)
(b)
Fig. 7. Calculated sensitivities for S1  S4 against . (a) f = 10 MHz
and (b) f = 1 GHz.
as the signal power decreases with increasing the frequency as
shown in Figs. 3 and 6, and the sensitivities in this range of
are minimum. The value of in this range is, therefore, the
optimum value. On the other hand, the sensitivity for the larger
sensor number decreases when GHz. This is because
the signal power decreases for the larger sensor number while
the noise level is almost constant as shown in Fig. 6(b). The
optimum value of in this case is between 0.2 and 0.4. The
sensitivities can be equalized by optimizing the power splitting
ratio of the tree coupler shown in Fig. 1.
Fig. 8 shows the calculated sensitivities for against
for (a) MHz and (b) GHz. When
MHz, the sensitivities for are almost same when
ranges from 0 to 0.4 because of the same reason for Fig. 7(a),
and the sensitivities in this range of are minimum. The
value of in this range is, therefore, the optimum value. On
the other hand, the sensitivity for the larger sensor number
decreases when GHz because of the same reason for
Fig. 7(b). The optimum value of in this case is about 0.2.
Fig. 9 shows the calculated sensitivities against the sensor
number for ten sensors multiplexed system ( ). When
the spectral linewidth is small, the sensitivities for all
sensors are almost same at the sacrifice of the sensitivities for
the sensors with small number. It is found from this figure that
the light source with narrow spectral linewidth is preferable
when many sensors are multiplexed, and the light source with
(a)
(b)
Fig. 8. Calculated sensitivities for S1  S4 against . (a) f = 10 MHz
and (b) f = 1 GHz.
Fig. 9. Calculated sensitivities against the sensor number for ten sensors
multiplexed system.
broad spectral linewidth is preferable when a few sensors are
multiplexed.
V. CONCLUSION
We have demonstrated a frequency domain detection
scheme of the coherence multiplexed sensor signals by using
an optical loop with a frequency shifter. In this method, by
IIYAMA AND HAYASHI: FREQUENCY DOMAIN DETECTION OF SENSOR SIGNALS 2075
adjusting the optical path differences of the sensors to integer-
multiple of the loop length of the optical loop, the sensor
signals are multiplexed in the frequency domain, appearing at
the integer-multiple of the working frequency of the frequency
shifter, and consequently, the numbers of the receiving
interferometers and the photodetectors can be reduced. In
the experiments, four sensors are successfully multiplexed by
inserting an erbium-doped optical fiber amplifier in the optical
loop to reduce the loop loss, and the sensitivities of about 2
mrad/ Hz are obtained.
Next, we theoretically discuss the sensitivities by consid-
ering the source phase-noise induced intensity noise. The
calculated spectrum and the sensitivities are in good agreement
with the experimental results. The influence of the loop loss
, the coupling coefficient of the fiber coupler, , and the
spectral linewidth of the light source , are also theoretically
investigated.
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